I. INTRODUCTION
Metal particles on oxide supports have received considerable attention because of their relevance to heterogeneous catalysis where the interaction between the metal particle and the support 1 as well as the size of the metal particle 2 play a very important role in catalytic behavior. In addition, the effects of the support on the morphology of supported metal particles, i.e., sintering, wetting, encapsulation, compound formation, interdiffusion, etc., depend critically on the strength of the interaction between the metal and the support.
In particular, the formation of silicides by Ni, Pd, and Pt is important in microelectronics and heterogeneous catalysis. [3] [4] [5] [6] Silicide formation between Pd and SiO 2 in a Pd/SiO 2 catalyst has been shown to affect catalytic activity and selectivity. For example, it was found that palladium silicide, formed during the high temperature reduction of Pd/SiO 2 , dramatically increases selectivity for isomerization of neopentane. 6 Silicide formation between elemental Si and a range of metals is thermodynamically favorable, 7, 8 whereas silicide formation from the interaction of SiO 2 with a supported metal is endothermic. 8 However, for Pd supported on SiO 2 , numerous reports in the literature indicate the formation of Pd-Si. [9] [10] [11] [12] [13] [14] The mechanism of the interaction is not clear and may be a consequence of the fact that most of these studies have utilized SiO 2 thin films on a silicon substrate. In fact, it has been suggested that silicide formation in these systems occurs at the interfacial region between SiO 2 and Si via interdiffusion of the metal at elevated temperatures. 12, 14 On the other hand, silicide formation by direct interaction between a metal and SiO 2 has also been reported for Cu on a very thick SiO 2 film ͑500 nm͒ where the underlying Si should be unimportant. 15 In this work well-ordered epitaxial SiO 2 films were prepared on a Mo͑112͒ substrate, therefore complications with respect to silicide formation at a Si-SiO 2 interface are avoided. A detailed investigation has been undertaken to understand the thermal stability of metal particles and the mechanism of silicide formation in the Pd/SiO 2 system using scanning tunneling microscopy ͑STM͒ and Auger electron spectroscopy ͑AES͒.
II. EXPERIMENT
All experiments were carried out in an ultrahigh vacuum chamber with a base pressure of 4ϫ10 Ϫ10 mbar. Details of the system are described elsewhere. 16 Typically the STM images were acquired in the constant current mode at 1-2 V and 0.083 nA. Ultrahigh purity ͑99.999%͒ oxygen from MG Industries, and a Mo͑112͒ crystal ͑from Matek, Germany͒, oriented to within Ͻ0.25°of the prescribed face, were used for the study. The Mo͑112͒ crystal was cleaned with oxygen and high temperature annealing ͑2100 K͒ until no trace of carbon and oxygen was detectable by AES. A W-5%Re/W26%Re thermocouple was used to calibrate an optical pyrometer ͑OMEGA OS3700͒ that was then employed to monitor temperature during the STM experiments.
III. RESULTS AND DISCUSSION
A number of studies addressing the behavior of metal particles on amorphous SiO 2 thin films supported on Mo͑110͒ have been carried out in our laboratories using a variety of surface science probes. [17] [18] [19] Very recently, Freund and coworkers have synthesized well-ordered, epitaxial SiO 2 films on a Mo͑112͒ surface. 20, 21 By slightly modifying their preparation method well-ordered, epitaxial SiO 2 ultrathin films have been prepared on a Mo͑112͒ surface in our laboratories in two different ways: ͑a͒ vapor deposition of Si onto a Mo͑112͒ single crystal followed by oxidation ͑800 K͒ and high temperature annealing ͑1150 K͒, 22 and ͑b͒ vapor deposition of Si onto a ͑2ϫ3͒-O oxygen reconstructed Mo͑112͒ surface followed by oxidation and annealing. 23, 24 A typical STM image of SiO 2 ultrathin films prepared by the above methods are shown in Fig. 1͑a͒͑film I͒ and 1͑d͒͑film II͒, respectively, showing wide terraces and steps consistent with the underlying Mo͑112͒ substrate. Also, both films show a sharp hexagonal low-energy electron diffraction pattern confirming the long-range order of the film; scanning tunneling spectroscopy as well as metastable impact electron spectroscopy and ultraviolet photoelectron spectroscopy data indicate a bulk-like band gap of Ͼ8.0 eV 25 and confirm the bulk-like electronic character of the SiO 2 surface. However, STM images of film I show a more defective and less uniform sura͒ Author to whom correspondence should be addressed; electronic mail: goodman@mail.chem.tamu.edu face compared with film II. The STM images of Figs. 1͑b͒ and 1͑e͒ display the nucleation and growth behavior of Pd clusters ͑ϳ2 MLE, monolayer equivalent͒ on these two different SiO 2 thin films ͑I and II͒ at room temperature. Figure  1͑b͒ shows elongated hemispherical particles at high density and with diameters of 2-3 nm distributed homogeneously on the surface. In Fig. 1͑e͒ larger Pd clusters ͑3-6 nm͒, distributed less densely, are visible. It is generally believed that metal particles nucleate and grow preferentially on point defects on oxide surfaces, presumably at oxygen vacancies. 26 Therefore, film I, where the number density of the Pd clusters is much higher than that of film II, suggests a more highly defective surface.
The STM images acquired after annealing to 700 K show no appreciable change with respect to cluster size or shape for either film I or II. However, those images acquired after annealing to 1000 K ͓Figs. 1͑c͒ and 1͑f͔͒, show dramatic changes. The Pd clusters on the more defective SiO 2 surface ͑film I͒, rather than being three dimensional ͑3D͒, have spread on the SiO 2 surface. The Pd clusters on the less defective SiO 2 surface ͑film II͒ exhibit an elongated rectangular shape with increasing size, a decrease in the number density, and a decrease in the cluster height. The total volume of Pd particles calculated from the STM images shows a ϳ20% decrease. This decrease is not due to desorption of Pd since desorption of Pd takes place above 1050 K. 18 It is also quite clear that under our experimental conditions Pd particles on both SiO 2 films remain morphologically unperturbed until 700 K, however, clusters on film II thermally sinter between 750 and 1000 K and are accompanied by interdiffusion. 12, 14 On the other hand, the behavior observed on film I shows a dramatic change in morphology that has been studied in detail in the present work. For reference, the surface of Fig.   1͑c͒ will be designated ''activated,'' and the specifics of this surface will be probed later in the article.
In order to investigate the thermal stability of the Pd/SiO 2 system, annealing was carried out in a stepwise manner. 18 desorption of Pd occurred between 1000 and 1300 K. A small amount of oxygen was observed to desorb in concert with the Pd and corresponded to oxygen associated with bulk Pd. In this earlier study, desorption of Pd began at ϳ1050 K, whereas the onset of the decomposition of the SiO 2 thin films occurred at ϳ1200 K. Therefore, the concomitant loss of oxygen and silicon above 1050 K in Fig. 2 is likely due to Pd-induced decomposition of the SiO 2 thin film, either involving the formation of a volatile Pd silicide or SiO/Si concurrent with Pd desorption since no characteristic feature of silicide ͑split-ting of the Si LVV peak at 92 eV into two peaks at 90 and 94 eV͒ was detected by AES.
In Pd/SiO 2 high surface area catalysts, evidence of Pd 3 Si formation has been reported using x-ray diffraction subsequent to hydrogen reduction at 873 K. 6 In addition, it has also been reported that point defects on SiO 2 thin films are the primary route for interdiffusion of Pd. 14, 15 In order to investigate the role of point defects, a defective surface 27 was prepared by electron beam bombardment. An electron beam produced a feature at 92 eV, whose intensity grew with the beam exposure time. This feature is assigned to a Si 0 species arising from SiO 2 ϩe-beam→Si 0 ϩO 2 (g) reaction. However, stepwise annealing, subsequent to the deposition of Pd and annealing below 1000 K followed by deposition of elemental Si, showed no evidence of Pd-silicide, even though Si/Pd and Pd/Si are known to mix readily at this temperature. 13, 28 FIG. 1. STM images of: ͑a͒ a clean SiO 2 thin film ͑200 nmϫ200 nm͒ ͑considered to be more defective surface͒; ͑b͒ ϳ2 MLE Pd on SiO 2 thin film ͑a͒ ͑100 nmϫ100 nm͒ at room temperature; ͑c͒ activated Pd surface ͑100 nmϫ100 nm͒ taken after a 1000 K anneal of ͑b͒; ͑d͒ a clean SiO 2 thin film ͑200 nmϫ200 nm͒ ͑considered to be less defective surface͒; ͑e͒ ϳ2 MLE Pd on SiO 2 thin film ͑c͒ ͑100 nmϫ100 nm͒ at room temperature; and ͑f͒ Pd surface ͑100 nmϫ100 nm͒ taken after a 1000 K anneal of ͑e͒. This suggests that Si and Pd nucleate separately on the SiO 2 surface. It is also important to note that the deposition of elemental Si on Pd on less defective SiO 2 thin film ͓Fig. 1͑f͔͒ does not produce a silicide feature.
However, point defects, created by electron beam bombardment on an ''activated'' Pd/SiO 2 surface ͓as shown in Fig. 1͑c͔͒ , lead to silicide formation upon annealing to 1000 K ͓AES spectrum shown in Fig. 3͑a͔͒ . According to the detailed AES study of Yamada and co-workers, this silicide is palladium rich. 11 Alternatively, upon deposition of 0.5 MLE Si onto an activated Pd/SiO 2 surface, a silicon-rich silicide was observed after annealing to 1000 K ͓Fig. 3͑b1͔͒. An even more silicon-rich silicide was observed ͓Fig. 4͑b2͔͒ following the deposition of 1.0 MLE Si and an anneal to 1000 K. In other words, the composition of the silicide depends on the amount of preadsorbed silicon. It is noteworthy that significant loss of oxygen is evident during silicide formation due to the decomposition of SiO 2 .
Based on these observations, the following conclusions can be drawn: ͑a͒ an ''activated'' surface is essential for low temperature silicide formation and ͑b͒ deposited Si or point defects created by electron beam bombardment aid in the production of silicide at temperatures between 850 and 1000 K as detected by AES. It is also noteworthy that it is possible to reversibly reoxidize the silicide-containing surface by treatment in 1ϫ10
Ϫ5 mbar of oxygen for 1 h at room temperature.
In order to understand the role of Si in the formation of Pd silicide, stepwise annealing experiments were carried out after depositing a trace of silicon on an ''activated'' Pd/SiO 2 surface. As shown in Fig. 4͑a͒ the amount of silicide increases with the anneal time and is accompanied by loss of oxygen ͓Fig. 4͑b1͔͒. Silicide formation also induces an increase in the AES intensity ratio of I Pd /I Mo ͓Fig. 4͑b2͔͒, consistent with two-dimensional ͑2D͒ silicide formation on the oxide and segregation of the volatile Pd-silicide to the surface. Based on these results the amount of silicide formed does not depend on the amount of Si deposited, but rather on the annealing time. In other words, a trace of Si acts as an initiator for this reaction. An excess of Si accelerates the reaction and alters the composition of the silicide product.
The nature of the ''activated'' surface has been studied by STM. Figures 5͑a͒-5͑c͒ show STM images of a Pd/SiO 2 surface following an anneal at 300, 800, and 950 K, respectively. As discussed earlier, no changes in the cluster shape and size are apparent until approximately 700 K. However, it is clear from the images of Figs. 5͑a͒-5͑c͒ that the number density of the Pd clusters decreases while the diameter of the Pd clusters increases with an increase in the annealing temperature above 750 K. Figure 5͑d͒ shows how the average height of the clusters ͑calculated from the corresponding STM image͒ changes with respect to the annealing temperature. These results imply that Pd sintering and interdiffusion occur simultaneously with an increase in the anneal temperature as shown schematically in Fig. 6 .
Simple thermodynamic considerations preclude the reaction pathway: PdϩSi y O 2 →PdSi y ϩO 2 (g). However, for the Cu/SiO 2 system, Van den Oetelaar et al. have suggested that the formation of a Cu ␦ϩ species, due to the interaction between the Cu and the support, could alter the surface/ interface free energies such that reaction between the SiO 2 support and Cu at high temperature can occur. 15 In the present system only the ''activated'' surface forms silicide via reaction with surface defects ͑e-beam induced as well as via deposition of Si͒ prior to desorption of metallic Pd. Therefore, by analogy to the Cu/SiO 2 system, it is likely that Pd in Pd/SiO 2 is present as Pd ␦ϩ . This relatively strong interaction between Pd and defects on SiO 2 explains the nucleation of Si on Pd/SiO 2 systems. For the nonactivated system, Pd and Si nucleate separately and thus do not mix below the desorption temperature of Si. On the other hand, for the ''activated'' surface, the presence of Pd ␦ϩ can preferentially lead to the adsorption of Si on or very near to the highly dispersed Pd followed by the formation of a silicide.
IV. CONCLUSIONS
Based on AES and STM data ͑as shown schematically in Fig. 6͒ Pd clusters are morphologically unperturbed until 700 K irrespective of the film type. However, above 750 K Pd clusters undergo sintering accompanied by interdiffusion into the subsurface of a SiO 2 thin film via point defects. It was also observed that morphological changes by interdiffusion are very strongly dependent on the density of point defects on the surface. On the more defective SiO 2 ͑film I͒, Pd clusters eventually form the highly dispersed ''activated'' state of Pd responsible for silicide formation at 1000 K. A trace of Si or defects introduced by e-beam bombardment on this ''activated'' Pd/SiO 2 surface can lead to silicide formation followed by decomposition of the SiO 2 thin film.
